Stem cells mechanosense the stiffness of their microenvironment, which impacts differentiation. Although tissue hydration anti-correlates with stiffness, extracellular matrix (ECM) stiffness is clearly transduced into gene expression via adhesion and cytoskeleton proteins that tune fates. Cytoskeletal reorganization of ECM can create heterogeneity and influence fates, with fibrosis being one extreme.
Introduction to Mechanosensing
Brain tissue is very soft and bone is rigid, but do cells sense and respond to such physical differences? Understanding most physiological functions has invariably relied on physics as well as chemistry, but a test-tube vision of well-stirred biology ignores the mechanical properties of most tissues as well as any collective effects on cells. New opportunities to address such issues are provided by the sensitivity of stem cells in differentiation and the many types of stem cells that have been identified or generated de novo.
Embryonic stem cells and the related induced pluripotent stem cells (iPS cells) give rise to hundreds of specialized cell types in the human body. Beyond functionally committed cells such as neurons, muscle cells, or bone cells, pluripotent stem cells also generate adult stem cells that are multi-potent. Adult stem cells reside in specific tissues to provide for more restricted regeneration throughout life. To drive stem cells to an appropriate fate, coordination of inductive cues is necessary, and various soluble factors in "cocktails" are certainly potent in this respect. However, physical factors-specifically the softness or stiffness of the microenvironment-can also contribute to differentiation (23) .
The ease of deforming tissue or a cell is described by its mechanical properties, and to first order excludes changes in volume since we are, of course, mostly incompressible water. Biological tissues deform when a mechanical stress (force per unit area) is applied, and the mechanical properties of solid and semi-solid tissues are often simplified to an elastic modulus (mechanical stress per strain) that varies widely across tissues (20) . Brain tissue requires very little stress to extend or shear it and has a low elastic modulus (E Ͻ 1 kPa), making the tissue "soft," whereas "rigid" calcified bone has an elastic modulus orders of magnitude higher (E Ͼ 1 GPa); all other solid tissues fall between these two extremes (31, 67, 97) (FIGURE 1A). Water content also decreases with tissue stiffness (FIGURE 1B) as various (non-fat) constituents increase in weight fraction, particularly ECM proteins such as collagens that are the most abundant proteins in the body; tissue softness and tissue water content are thus "colligative" properties. Most reductionist studies with stem-cell cultures nonetheless use rigid and hydrophobic tissue culture plastic, even though cultures of committed cells on soft hydrogels has been known since Pelham and Wang (71) to dramatically limit cell spreading and adhesive signaling relative to stiff substrates. Control over both adhesive ligands (i.e., surface biochemistry) and gel mechanics (FIGURE 1C) was essential to proving this point, and much earlier work might be interpreted as implying such matrix mechanosensitivity (5, 90) . However, none of these early studies related mechanical properties of tissues to culture substrates, likely because the needed instruments are rare in physiology and cell biology laboratories. Micro-scale tools such as atomic force microscopes (AFM) have indeed been essential for the mechanical characterization not only of tissues and stem-cell niches on cellular and subcellular scales but also the gels used to mimic them (49) . AFM remains a workhorse for measuring substrate mechanics on the cellular scale, and a variety of techniques are now available to also measure cellular forces and displacements (76) .
Adhesive ligands are of course crucial for cells to molecularly engage their surroundings, and such ligands would appear abundantly displayed on extracellular matrix (ECM) molecules. Synthetic gels can likewise be modified to display sufficient ligand, such that adhesion is not limiting, although this must always be verified when working with synthetic gels. Using polyacrylamide gels (PA) that were first covalently modified with constant collagen (PA is inert and thus widely used for protein separations), Pelham and Wang varied substrate stiffness through cross-linking and then demonstrated that 3T3 fibroblasts spread less on softer gels (71) . Stiff substrates, including rigid plastic and glass, promote spreading of most cells, whereas soft substrates limit spreading and produce more rounded cell morphologies (FIGURE 1D). Although PA hydrogels are widely used to control substrate stiffness, other synthetic polymers, such as polydimethylsiloxane (PDMS) elastomers, in addition to modified biopolymers, such as alginate and hyaluronic acid (HA), have also been used (35) . In general, gel stiffness is controlled by adjusting the concentration of polymer and/or cross-linker, and the gels are functionalized with collagen, fibronectin, or other ECM protein to provide the biochemistry needed for cell adhesion.
In tissues, ECM proteins also confer structure and mechanics. Most cells interact with ECM typically by adhering, but ECM also acts as a depot for semi-soluble growth factors, some of which depend on ECM mechanical properties for release (39) . Fibrillar collagens (collagen-1, 2, 3, 5, 6 . . .) are the primary shear-resistant proteins of ECM, and the wide range of stiffnesses reported for tissues indeed correlate well with the amounts of collagen, over 4 -5 logs in collagen level (84) . Tissues that sustain high mechanical stress (muscle, bone) have the most collagen and are the stiffest, whereas tissues that are relatively protected from mechanical stress (brain, marrow) have low collagen and are soft. Collagenase addition to such tissues will soften them in tens of minutes (84) , which is of course consistent with methods for isolating primary cells. Purified collagen self-assembles into a fibrous gel with a concentration-dependent elastic modulus, for which collagen fiber elastic modulus, bending modulus, lattice spacing, and cross-linking can all modulate gel stiffness (79) . Fibers also tend to align with the direction of strain and generally stiffen under tension (64) . Non-fibrillar collagens, proteoglycans, and other matrix components also modulate the mechanical properties of ECM, either on their own or through their interactions with collagen fibrous network.
For cells to sense their mechanical microenvironment, they must apply a force on that environment, just as we need to push and tug on a material surface to probe its mechanics. Such cell forces are generated at least in part by the myosin II mini-filaments that pull on the actin cytoskeleton and adhesions to drive cell and ECM contraction (FIGURE 1E). Stiff substrates provide a mechanical resistance or load that favors acto-myosin assembly and cell spreading. Inhibition of myosin II (or F-actin) pharmacologically indeed leads to cell rounding regardless of the stiffness of the substrate, and so cells lose all mechanosensitivity to matrix. Cell spreading while contracting on a stiff substrate requires stable adhesions to the ECM. Integrins coalesce into focal adhesion complexes while binding specific ECM ligands (83) , and focal adhesions grow with tension to license cells to spread while pulling on the matrix (8) .
Although stiffness-dependent adhesion and spreading occur within short time scales of 1-2 h FIGURE 1. Universal scale of micro-stiffness for tissues A: stem cells derive the tissues across that body that vary in stiffness of wide scales, from fluid like in the marrow at Ͻ1 kPa to rigid bone in the GPa range. The stiffness measured as microelasticity correlates with expression of collagen across the range of tissues but is generally much softer than the rigid plastic typically used in cell culture (21) . B: hydration level of several human tissues after extraction of fat from a 46-yr-old male (26) . Cartilage hydration state is age dependent and approximated for a 46-yr-old male (1) . Bone matrix hydration is determined as a percentage of water and organic bone matrix (55, 56) . The hydration state of tissues is inversely proportional to the tissue microelasticity (E) and collagen content. C: AFM is used to probe tissue or gel stiffness on the scale of the cell. The microelasticity is determined by measuring the restoring force relative to the indentation distance and depends on the probe tip (88) . D: various cell types spread out when placed on a substrate with collagen coating of a stiff underlying gel. The spread-out cells contain a robust cytoskeleton with abundant actin stress fibers. E: collagen of the ECM provides adhesion sites for transmembrane integrins of the cell that form the basis of focal adhesions. Focal adhesions anchor the actin cytoskeleton at the membrane, whereas the LINC complex anchors the cytoskeleton at the nuclear membrane. LINC complexes also interact with the nuclear stiffness, determining lamins just inside the nuclear membrane, which provides a direct link to chromatin and DNA.
(71), more profound and lasting changes in phenotype, such as lineage specification of stem cells, requires specific transcriptional programs to be activated and/or repressed in a process of mechanotransduction from the ECM to the nucleus. Among the mechanosensitive signaling pathways that transmit ECM stiffness signals to transcriptional machinery are the integrin-based focal adhesions with focal adhesion kinase (FAK) that initiates multiple mechanosensitive pathways (32) . These include ERK, JNK, Wnt-␤-catenin, and Hippo pathways (45) . Many of these pathways regulate transcription factors that translocate into the nucleus in response to microenvironment mechanics. Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) are examples: they are usually in the cytosol of cells cultured on soft matrices, but when cell contractility increases on a stiff matrix, YAP/TAZ translocate into the nucleus, seemingly independent of the canonical Hippo signaling pathway (22) . YAP/TAZ influences differentiation of stem cells by such pathways or others, and illustrate the broad range of mechanisms by which differentiation of stem cells can be manipulated by their mechanical environment.
Mechanosensitive signaling pathways with soluble cytoplasmic factors undoubtedly contribute (45) , but mechanotransduction is also likely through direct physical linkage from ECM all the way to DNA. Filamentous actin that engages integrins together with microtubules and intermediate filaments connect to the nucleus through nesprins that span the outer nuclear membrane. Nesprins can in turn engage SUN proteins that span the inner nuclear membrane and bind to the underlying lamina proteins (17) . A-and B-type lamins form the primary structural meshwork of the nuclear envelope and determine the mechanical properties of the nucleus (70) . A-type lamin levels vary widely between tissues, but the ratio of A-type to B-type lamins scales systematically with tissue collagen levels and tissue stiffness over several orders of magnitude, so that nuclear stiffness increases with ECM stiffness (84) . Importantly, the nuclear lamins directly regulate transcription factors with broad roles in differentiation such as serum response factor (SRF) and retinoic acid receptors (RAR). The lamins also interact with and control integral membrane proteins, such as lamin-B receptor (LBR), that bind and regulate chromatin factors to complete the linkage from ECM to DNA (68) . These linkages have been shown to influence the differentiation of adult stem cells (84) .
Matrix Stiffness Directed Differentiation
Human bone marrow-derived mesenchymal stem cells (MSCs) likely differentiate in situ into bone, cartilage, and fat (86); unlike mouse marrow, human adult marrow in long bones is filled with fat. Mouse marrow MSCs clearly express nestin in situ, which suggests some neuronal origins or character (65) . Human MSCs were the first stem cells used to demonstrate the in vitro influence of matrix stiffness on stem cell differentiation (23) . To test mechanosensitive lineage specification of MSCs, PA gel formulations to mimic the tissue stiffness of brain, muscle, and osteoid (bone surface) were used. Importantly, the gels were coated with equal concentrations of collagen so that all of the MSCs cultured atop the gel interacted with the same ligand. Based on protein and transcript expression, MSCs differentiated over several days or more toward neural, muscle, and bone cells on the tissuematched substrates (FIGURE 2A). This mechanotransduction was lost when cells were treated with blebbistatin, which inhibits myosin II and thereby blocks the ability of MSCs to pull on their substrate and "feel" matrix stiffness. Importantly, phenotypic changes in cell morphology occur in hours: neuronlike dendritic branching on soft gels, myoblast-like elongation on intermediate stiffness gels, and osteoblastic spreading on stiff gels. Although it is likely that such human marrow-derived MSCs do not become neurons or muscle cells in vivo (13) , multiple methods of controlling substrate stiffness have demonstrated clear effects on MSC differentiation. For example, arrays of micropillars can be made that allow cells to adhere to the tops with short and unbendable pillars or else with long and flexible pillars (28) , and MSCs on the short pillars responded to the high stiffness by undergoing osteogenesis, whereas MSCs on the longer pillars responded to the soft substrate and underwent adipogenesis. Soft gels that are made very thin on top of rigid glass likewise favor osteogenesis, with high lamin-A and low LBR, whereas thick versions of the same soft gels coordinately repress lamin-A and upregulate LBR, which is interesting for its role in lipid biopsynthesis (8a) . The use of 2D gels may be appropriate to mimic the process of MSCs adhering to the bone surface and differentiating into osteoblasts, but adipogenesis likely involves tissue building more in 3D. Embedding cells within 3D hydrogels presents some technical challenges, but alginate modified for cell adhesion showed that soft gels favored MSC adipogenesis in 3D, whereas stiffer gels favored osteogenesis (43) .
Differentiation to multiple lineages is characteristic of stem cells, of course, but an ability to self-renew without differentiation is also a defining property of stem cells that has shown to be downstream of matrix mechanosensing. Skeletal muscle maintains a resident quiescent population of muscle stem cells (MuSC) that becomes activated and undergoes 1) symmetric division into muscle progenitors, 2) symmetric division that maintains stemness, or 3) asymmetric division to produce one daughter cell of each cell type. Culture systems that constrain mouse MuSCs on asymmetric fibronectin-coated substrates leads to these asymmetric divisions (96) . Symmetric divisions that maintain stemness are important to preserve the stem-cell population for future injuries. Using a gel stiffness to mimic skeletal muscle stiffness, MuSC underwent significant symmetric stem-cell division that was not observed on stiffer substrates (96), as well as being able to maintain the quiescent state on softer gels (62) (FIGURE 2B). MuSCs grown on gels with the stiffness of healthy muscle were even able to repopulate the MuSC niche when injected back into a mouse muscle as opposed to cells grown on stiffer substrates (33) . To repair muscle, MuSCs eventually differentiate into contractile myotubes and myofibers. In vitro, this is typically done on plastic and results in myotubes that are stuck in an immature state and do not progress to form highly aligned and packed sarcomeres that are observed in mature muscle. However, when C2C12 cells, a MuSC-like cell line, were differentiated on PA gels with an intermediate stiffness, as in healthy muscle, sarcomeric striation was maximized compared with softer gels and stiffer gels (16) (FIGURE 2C) . Quiescent MuSCs are present in a complex 3D environment sandwiched between a mature muscle fiber and the basement membrane. Recent efforts have been made to engineer synthetic muscle fibers as a substrate for MuSCs, again showing that, when the stiffness of these synthetic fibers is matched to that of real fibers, the MuSCs maintained a quiescent stem cell pool and an enhanced ability to engraft in vivo (74) .
Cardiac muscle, on the other hand, has a more limited adult stem-cell progenitor pool. Along with its obviously critical function, this makes deriving cardiomyocytes from iPSCs a major regenerative medicine target. Many protocols seek to use iPSCs to generate functional cardiomyocytes relying on transcriptional induction on rigid plastic, with limited success or else unknown contributions from ECM made by the cells (78) . However, the ECM stiffness that a cardiomyocyte experiences in an embryo and through development is much softer than the rigid plastic used in such studies (59) . It is interesting that, transplanting human PSC-derived cardiomyocytes into a neonatal rat heart with a soft microenvironment facilitates nearly full maturation of the cardiomyocytes, which is not observed when the cardiomyocytes are transplanted into a stiffer adult rat heart (14) . Embryonic cardiomyocytes also tune their beating to the stiffness of their substrate. On very soft gels, they FIGURE 2. Stiffness-based differentiation of stem cells A: MSCs plated on collagen functionalized gels of the indicated stiffness differentiate over the course of a week into cells from tissues corresponding to the stiffness of the gel. Soft gels direct adipogenic differentiation, whereas the more stiff gels induce osteoblast differentiation. B: substrate stiffness drives the type of proliferation among MuSC, where substrates with tissue-like stiffness often maintain their stem-like properties (defined by expression of Pax7), stiff substrates deplete the stem cell pool by inducing differentiation of both daughter cells (defined by expression of MyoD). C: muscle progenitors eventually differentiate and fuse into multinucleated muscle fibers filled with contractile sarcomeres. The formation of sarcomeres is most prevalent on tissue-like stiffness, whereas stiffness above or below that level leads to impaired sarcomerogenesis. D: immature cardiomyocytes are derived along a series of steps from embryonic stem cells in the soft embryo. As the heart matures, it becomes more stiff, and the cardiomyocytes become more aligned and contractile. However, in a stiffer fibrotic heart, contraction of cardiomyocytes is impaired. Alternatively, iPSCs can be induced to form cardiomyocytes on plastic; however, they are not able to produce the contractile force of a healthy mature cardiomyocyte. disassemble the contractile machinery of the sarcomere that allows them to contract and produce mechanical work on stiff gels (59) (FIGURE 2D) . However, when the gel substrate becomes too stiff, mimicking more fibrotic post-infarct scars, sarcomeres are disrupted, and beating is inhibited. In addition to sarcomeric organization and contractility being downstream of matrix stiffness, the transcriptional mechanosensitivity of heart has also been shown across many disease states to have collagen I expression-a gauge for ECM stiffness-coupled to lamin A/C expression in the nucleus (15) . Although the precise mechanisms remain to be elucidated, on stiff matrices, YAP/TAZ shuttles into the nucleus (22, 34), whereas NKX-2.5, a repressor of smooth muscle actin (ACTA2), shuttles out of the nucleus (19) . These systems highlight how stem cells and progenitors rely on mechanical cues from the extracellular matrix to modulate the transcriptional program used to drive differentiation and maturation of cells.
Osmotic Regulation of Matrix Mechanosensing
Soft matrix suppresses myosin II activity and cytoskeletal assembly, but hypotonic media causes similar cell rounding with disruption of the actin cytoskeleton and changes in ion channel activity (24, 61) . Changes in osmotic pressure well below or above isotonic pressure cause proportional volume changes of cells and nuclei, with hypotonic conditions causing chromatin decondensation and hypertonic conditions resulting in chromatin condensation (46) . Physiological differences in osmotic pressure are not evident for tissues that otherwise vary in stiffness by orders of magnitude (FIGURE 1A), but regulation of MSC differentiation on soft and stiff gels by osmotic pressure (36) is nonetheless understandable, based at least on the long-established effects of osmotic pressure on the cytoskeleton (61). Indeed, given the higher water content in soft tissues and the lower water content in stiff tissues (FIGURE 1B), the pleiotropic effects of osmotic pressure changes and hydration motivate further stem-cell differentiation experiments that combine osmotic-hydration changes with drugs that target specific molecules of the cytoskeleton. It will be interesting to clarify, for example, whether osteogenesis on soft matrix that can be increased by~50% using hypertonic media (36) (which dehydrates cells and drives actomyosin assembly) is suppressed or not by simultaneous inhibition of myosin II.
Stress or Strain Relaxation and Matrix Heterogeneity
Many stem cells express ECM components in a mechanosensitive manner. Using void-forming alginate hydrogels, murine MSCs express the most collagen with an (osteoid-like) alginate stiffness of 20 -60 kPa (44) . Cells also degrade ECM using matrix metalloproteinases (MMPs). Primary mouse fibroblasts transduced with the four reprogramming factors ("Yamanaka" factors) and cultured in 3D hydrogels of different initial stiffness, MMP-degradability, and adhesive ligand illustrate the importance of matrix malleability (9) . The reprogramming efficiency to iPSCs proved highest with highly degradable gels of initial stiffness of 0.6 kPa; such a stiffness is similar to that of embryos, which are also likely to yield and flow under stress similar to brain tissue (59) .
Cell forces can make ECM flow as occurs macroscopically with soft brain tissue under strain, but ECM in some tissues can also fully recover its shape and exhibit elasticity, as is a requirement of cardiac tissue (59) . Not all tissues flow under cellgenerated stresses or strains (or else our tissues would have no shape when isolated), but the ability to confer gels with relaxation properties has recently been accomplished with relaxation time scales that are tunable from 1 to 40 min, which affects differentiation (12) . MSCs in 9-kPa gels undergo more adipogenesis with slow-relaxing gels compared with fast-relaxing gels, whereas MSCs in 17-kPa gels exhibit maximal osteogenesis with fastrelaxing gels (98) . Importantly, MSCs pull on the fast-relaxing gel and surround themselves with more ECM and more ligand. As a general rule in polymer physics, a high concentration of polymer will have a higher stiffness. Synthetic fiber matrices with fine control of individual fiber stiffness, size, and crosslinking have also been made, although sparse meshworks limit the presentation of ligand for cell adhesion (2) . MSCs spread more on soft-fiber meshes compared with stiff fiber meshes, but once again the soft meshes condense and likely stiffen beneath the cell (FIGURE 3A). Both of these examples demonstrate the importance of taking care to distinguish the initial bulk mechanics from the final heterogeneous mechanics (and ligand) of a microenvironment.
Some tissues (such as liver) might have relatively isotropic mechanics at the level of the cell, but many musculoskeletal tissues (such as tendon) experience forces more in one direction and exhibit anisotropic ECM with aligned collagen fibers. Understandably, the orientation of ECM stiffness can also impact stem-cell differentiation. Collagen fiber nano-films on mica exhibit very long-range fiber orientation, and MSCs extend along such fibers in a more myogenic-like morphology; however, when the fibers are cross-linked, the MSCs show no orientation preference and undergo osteogenesis on the stiffer films (47) . Skeletal muscle progenitors (MuSCs) also exhibit enhanced differentiation and maturation on stiff fiber substrates compared with the typical isotropic gels or culture plastic, even generating functional neuromuscular junctions in cocultures with motoneurons (38) . Mechanical anisotropy of ECM can affect morphology, maturation, and/or differentiation, similar to experimentally controlled cell shapes, by patterning ECM ligand on a substrate; with cardiomyocytes, for example, rod-shape patterns produced more forceful contractions relative to circular patterns (7) . Printing a rodshaped pattern of ligand on gels with physiological stiffness understandably maximized the maturation of iPSC-derived cardiomyocytes, which exhibited greater mechanical work and calcium handling as well as more physiological intracellular structure (77) .
Mechanical anisotropy in 3D has also been investigated with gel overlays or "sandwich" gels that present distinct mechanical properties above and below the cell. Some niches in tissues are similarly stratified: MSCs undergo osteogenesis on top of bone with soft marrow above, and MuSCs typically have semi-stiff muscle below and semi-stiff basement membrane above. Bio-compatible gels for overlays include HA that can be synthetically modified to control elasticity on either side of sandwiched cells (FIGURE 3B) . Bonding between the gels should be minimized to allow cells to freely change morphology at the gel-gel interface. MSC morphology indeed responds to the stiffer gel, regardless of being above or below the cells (75) ; the stiffest medium thus dominates cell responses. Hepatic stellate cells (HSCs) are also mechanosensitive, maintaining quiescence on soft substrates and activating toward a myofibroblast-like state on stiff substrates, but HSCs on a soft gel plus are also activated by a rigid overlay (69) .
Cells are only able to mechanically sense approximately one cell length away on gels such as PA gels, but within a purely fibrous network, cells, including MSCs, are able to increase their sensing radius 10-fold (87) . By mixing soluble collagen I into a soft PA hydrogel, collagen-I fibers bundle and segregate into a heterogeneous distribution of branched fibers that mimic fibrotic scar tissue (19) . The heterogeneously soft-and stiff-gel regions are then uniformly functionalized with collagen for adhesion, and cultures of MSCs respond as if cultured on a uniformly stiff hydrogel rather than a soft hydrogel in terms of multiple mechanosensitive markers, including ␣-SMA (FIGURE 3C), which is an important cellular maker of contractility as well as scarring. ␣-SMA is often observed in fibrotic tissues and even precedes the overexpression of collagen in chemically induced models of liver fibrosis (69) . The stiffest components of a heterogenous ECM thus dominate mechanosensitive differentiation.
Fibrosis, the Pathologic Matrix, and Differentiation
Fibrosis is the pathologic accumulation of ECM within a tissue and is generally associated with aberrant wound-healing mechanisms that result in scarring. Dysregulated repair can initiate feed-forward systems that result in progressive fibrotic tissue accumulation that undermines stem cell-based repair (37) . Given the association of fibrosis with a wide array of tissue injuries, it contributes to nearly half of all deaths in the developed world (95) . Fibrosis reflects an imbalance between synthesis and FIGURE 3. ECM malleability and heterogeneity A: MSCs placed in soft fibrous networks are able to pull the fibers and pack them near the cell, creating heterogeneity with high stiffness and ligand presentation local to the cell. However, in fibrous networks with stiff fibers, the cell is unable to deform the network and change the local stiffness. B: simple sandwich gels demonstrate that stiff regions dominate matrix mechanosensing. When a soft gel is placed on top of cells on either soft or stiff lower substrates, the cells maintain their rounded or spread morphology, respectively. However, when rounded cells are on a soft substrate or overlaid with a stiff gel, they actively spread to adopt the morphology expected from a stiff substrate. C: gels can also be made with heterogenous underlying collagen fibers that also introduce heterogenous stiffness within the 2D gel. Reminiscent of a fibrotic environment, these gels are termed "scar in a dish." Although MSCs on a soft or stiff substrate adopt a rounded or spread morphology, respectively, the mechanical heterogeneity creates a near homogenous population of MSCs with a spread morphology. This spread morphology includes robust ␣SMA, which is a hallmark of fibrotic cells. degradation of ECM, both of which can be influenced by mechanical stress (FIGURE 4). Since ECM is the major determinant of tissue mechanical properties, the disrupted ECM architecture in fibrosis has mechanical consequences. For example, healthy lung tissue with an elasticity of 2 kPa stiffens to Ͼ15 kPa in idiopathic pulmonary fibrosis (6) . In vivo elastography has become a reliable way with ultrasound to assess such trends in situ; for example, healthy liver has an elasticity of Ͻ5 kPa, and cirrhotic liver has an elasticity of Ͼ12 kPa (18) . Similar increases in tissue stiffness and collagen content are also observed in fibrotic striated muscle (81) and kidney (51) . Many studies show altered mechanosensing in fibrotic ECM is responsible for both the impaired ability of healthy cells to regenerate functioning tissue as well as promoting fibroblast activation-a type of differentiation-to myofibroblasts that secrete even more ECM (10) .
Mechanical properties likely stimulate the activation of myofibroblasts to produce ECM in skin (40) , heart (29), lung (42) , liver (69) , and kidney (57) . Mechanosensing of matrix seems critical to the positive feedback in fibro-proliferative disorders (92) . Unfortunately, myofibroblasts do not easily revert to their previous phenotype upon matrix softening (3); reprogramming is feasible under some conditions (30, 60) , but soft and malleable matrix remains best for reprogramming any cell to an iPSC, as cited above. The increased contractility of myofibroblasts and other resident cells in the fibrotic tissue can mechanically impact nearby cells. In the liver, activation of the HSCs around sinusoidal endothelial cells restricts blood flow in the damaged region (82) . Given the known role of hypoxia signaling in collagen expression, this further propagates fibrosis (58) . Macrophages from the circulation or already resident in tissue are also recognized as mediators of fibrosis in many tissues by secretion of pro-inflammatory signals and wound-healing signals. Macrophages are mechanosensitive, but whether stiff matrices cause them to differentiate into pro-inflammatory (73) or antiinflammatory (27) phenotypes remains unclear.
Although many cell types with differentiation potential are mechanosensitive in culture, the specific cell type responsible for mechanosensing the fibrotic environment in vivo appears tissue-dependent. The resident fibroblast population in idiopathic pulmonary fibrosis senses stiffness and becomes activated into a myofibroblast phenotype in response to stiffness (63) , whereas in liver the HSCs are primarily responsible for the fibrotic response and require a stiff environment for activation (69) . In skeletal muscle, fibro-adipogenic progenitors fulfill a similar role (48) , although their matrix mechanosensing has not been investigated. Tissue-resident MSCs are a major contributor to myofibroblast populations (52) and likely overlap with the populations of hepatic stellate cells in liver (50) or fibro-adipogenic progenitors in muscle (85) . In mice, when Gli1ϩ resident MSCs are genetically ablated, fibrosis is ameliorated in a range of tissues, and cardiac function is preserved (52) .
The process of epithelial-mesenchymal transition (EMT) involves the transdifferentiation of functional epithelial cells into mesenchymal cells, which can be important during development and wound healing, but may also go awry in fibrosis (41, 53) . Epithelial cells from lung (11) and kidney (54) have been shown to undergo EMT and progress into fibrogenic myofibroblasts, but the role of EMT in the liver has been called into question (91) . EMT critically involves not only the recruitment of additional matrix-modifying cells, but also the loss of cells fulfilling the tissue's primary function. TGF-␤ signaling has been described as the primary driver of EMT; however, multiple reports have shown that both TGF-␤ signaling and matrix rigidity are necessary to elicit EMT (66, 89) . In addition to EMT, lineage-tracing experiments have also demonstrated the possibility of endothelial-tomesenchymal transitions (EndoMT) in fibrosis of the heart, lung, and kidney (72); however, the role of mechanosensing in (EndoMT) is less well known. Importantly, mechanosensing can also disrupt proper functioning of resident cells even without undergoing transdifferentiation processes.
FIGURE 4. Schematic of stem-cell mechanosensing in fibrosis
Fibrosis is the pathologic accumulation of ECM that is driven by myofibroblast in many tissues. A host of resident stem cells are known to differentiate into myofibroblast, which in many cases is known to be mechanosensitive. Myofibroblasts secrete matrix components that incorporate into the matrix to increase stiffness. Myofibroblasts are also highly contractile and stress the matrix, which leads to even higher levels of stiffness and also limits the ability of MMPs to degrade the matrix. Mechanical stress on the matrix has also been demonstrated to release active TGFB from the matrix, a critical soluble factor in the differentiation of myofibroblasts and other fibrotic programs. These processes demonstrate the critical nature of ECM mechanics in the positive feedback loop that results in progressive fibrosis.
In addition to the mechanosensitive differentiation of many cell types, ECM itself is mechanosensitive, with fibrils under load being protected from MMP-based degradation (25) . This "use it or lose it" mechanism applied in a fibrotic context makes existing scar tissues more difficult to remodel. The mechanical signal produced by myofibroblast contraction is propagated further through alignment of collagen fibrils between contractile elements that enable long-range force transmission (4, 87) . In vitro experiments show collagen is compacted and well aligned between contractile groups of cells (80) , creating an ECM architecture reminiscent of bridging fibrosis in the liver. This propagation of strain through the fibrotic ECM can also impact signaling by soluble factors. Myofibroblast contraction on stiff matrices directly activates latent TGF-␤, which further cranks the wheel of positive feedback in fibrosis (94) . This brings into focus the interplay between soluble, cellular, and mechanical signals in fibrotic disease (93) . Although soluble factors have long been a focus of scientific inquiry in fibrosis, the impact of mechanosensing in fibrosis underscores the broader importance of matrix mechanosensing in cell and tissue differentiation.
Concluding Prospectus
Various types of stem and progenitor cells have a demonstrated ability to sense the stiffness of ECM. The morphology, cytoskeleton, and migration of these cells are all responsive within hours to ECM mechanics, whereas effects on proliferation and/or differentiation follow over days. Stem cells can also reorganize and sometimes synthesize their ECM, which creates a local niche and adds mechanical heterogeneity. This is important because the stiffest ECM dominates the cell response. In fibrosis, this can feed forward with stiffer ECM leading to increased fibrogenic states of cells and further stiffening. Various engineered gels systems have clearly demonstrated matrix mechanosensitivity, but a myriad of factors in vivo continue to make it challenging to isolate the precise role of matrix mechanosensing in tissue differentiation. Although MSCs have been useful for documenting many aspects of mechanosensitive differentiation, further investigation of how iPSCs and other stem and progenitor cells respond to ECM mechanics-in combination with potent soluble factors-will likely prove critical to unlocking the therapeutic potential of such cells. Ⅲ
